Alk(en)yl sulfides have been found to be responsible for the anticancer, antithrombotic, and antioxidant effects of garlic. We sought to identify the most potent structure of sulfides that exhibits a hepatoprotective effect against carbon tetrachloride (CCl 4 )-induced acute liver injury in rats. Rats were pretreated with diallyl trisulfide (DATS) i.g. at a dose of 500 mmol/kg body weight for 5 d. On d 6, CCl 4 was administered i.g. at a dose of 2.5 mL/kg body weight. Twenty-four hours after CCl 4 administration, rats were killed and plasma and liver samples collected. DATS pretreatment significantly suppressed the CCl 4 -induced elevation of plasma aspartate aminotransferase and alanine aminotransferase activities (P , 0.05).
Introduction
Garlic (Allium sativum L.) has a variety of functions, including anticancer, antithrombotic, antiatherosclerotic, antidiabetic, antioxidant, and immune modulation activities (1) (2) (3) (4) (5) . Several organosulfur compounds are obtained from the precursor compound, alliin, when garlic is damaged (6) . Diallyl monosulfide, diallyl disulfide, and diallyl trisulfide (DATS) 5 (CH 2 = CHCH 2 -SSS-CH 2 CH = CH 2 ), which are collectively found in garlic oil, are major components of the secondary metabolites of garlic and they comprise 4.7, 21.9, and 41.5%, respectively, of garlic oil. Usually, 0.2-0.5 mL of the oil can be obtained from 100 g of freshly crushed garlic. We previously reported that pretreatment of rats with DATS suppressed oxidative stressinduced acute liver injury (7, 8) . Shaik et al. (9) also reported that diallyl monosulfide protects the liver from warm hepatic ischemiareperfusion injury. These results indicated that allyl sulfides suppress the hepatotoxicity induced by oxidative stress. However, the structure-hepatoprotective relationship is still not fully understood.
The CCl 4 -induced acute liver injury model is commonly used to study the mechanisms of liver injury and the protective effects of drugs against such injury in rats. CCl 4 is metabolized into the trichloromethyl radical by cytochrome P450 (CYP) 2E1 and CYP2B1/2 (10, 11) and this reactive intermediate attacks membrane lipids, forming lipid peroxide molecules several hours after the CCl 4 administration. This damage eventually causes the necrosis of hepatocytes, leading to the release of aspartate aminotransferase (AST) and alanine aminotransferase (ALT), which causes the plasma ALT and AST levels to increase 24-48 h after CCl 4 administration.
In this study, we examined the effect of DATS and its saturated analogue, dipropyl trisulfide (DPTS) (CH 3 CH 2 CH 2 -SSS-CH 2 CH 2 CH 3 ), on CCl 4 -induced acute liver injury in rats. We further examined the effects of 6 kinds of alk(en)yl trisulfides on the activities of hepatic phase II drug-metabolizing enzymes.
Materials and Methods
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by HPLC (Alliance 2695 system; Waters) on an Inertsil ODS-3 column (6 mm 3 250 mm; GL Science). The molecular mass and fragment ion signal of alk(en)yl trisulfides were confirmed by using an Agilent 6890/ 5973N GC/MS system (Agilent Technologies). The trisulfide structures are shown in Supplemental Figure 1 .
Rats and diets
All animal experiments were performed in accordance with the Guidelines for Animal Experiments of the College of Bioresource Sciences at Nihon University. The animals used in this study were 5-wkold male Wistar rats (Japan SLC). They were housed in an animal facility with a 12-h-light/-dark cycle and the temperature was maintained at 22-238C. The rats were allowed free access to nonpurified diet (Clea Rodent diet CE-2, Clea Japan) and water during the acclimation period of 1 wk prior to the experiment. The composition of the CE-2 diet was as follows: moisture, 9.3%; crude protein, 25.1%; crude fat, 4.8%; crude fiber, 4.2%; crude ash, 6.7%; and nitrogen free extract, 50.0%.
Expt. 1. DATS, DPTS (500 mmol/kg body weight), or vehicle (soybean oil) was administered daily i.g. to the rats for 5 consecutive days. On d 6, carbon tetrachloride (CCl 4 ; Wako Pure Chemical Industries) diluted in soybean oil was administered i.g. at a dose of 2.5 mL/kg body weight. Each group initially comprised 10 rats; however, 3 rats given DATS were incorrectly administered the sulfides and the 3 rats treated with DPTS that died during CCl 4 treatment were excluded from the analysis. Twenty-four hours after CCl 4 administration, the rats were killed by asphyxiation with CO 2 . Blood was collected by cardiac puncture with a heparinized syringe. Plasma was prepared by centrifugation at 2000 3 g for 10 min and used for the assay of AST and ALT activities. The plasma and liver samples were stored at 2808C until analysis could be performed. Plasma AST and ALT activities were measured with a commercial kit (Transaminase CII-Test Wako, Wako Pure Chemical Industries). A portion of the liver was fixed with 4% paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.4) for 48 h at 48C, embedded in paraffin, sectioned at a 5-mm thickness, and stained with hematoxylin and eosin (H&E) or periodic acid-Schiff (PAS).
Expts. 2 and 3. DATS and DPTS (Expt. 2), and other alk(en)yl trisulfides (Expt. 3) prepared as described above were dissolved in soybean oil and singly administered i.g. daily at a dose of 500 mmol sulfide/kg body weight to the rats for 5 consecutive days. Other rats were administered the vehicle (soybean oil) only. On d 6, the rats were killed. Livers were excised and microsomal and cytosol fractions were prepared by differential centrifugation. The livers were minced in 3 volumes of icecold homogenization buffer (50 mmol/L Tris-HCl buffer, pH 7.5, 0.25 mol/L sucrose, and 1 mmol/L EDTA) and homogenized with a Teflon homogenizer on ice. The homogenate was centrifuged at 10,000 3 g for 20 min at 48C. The supernatant was centrifuged at 105,000 3 g for 75 min by an ultracentrifuge to obtain the microsomal pellet and the cytosolic supernatant. The microsomal pellet was resuspended in the homogenization buffer. The microsomal and cytosolic fractions were stored at 2808C until analysis. The protein concentrations of both fractions were measured with a commercial assay kit (Coomassie plus protein assay kit; Thermo Fisher Scientific) using bovine serum albumin as the standard. Total glutathione S-transferase (GST) and NADPH:quinone reductase (QR) activities in the cytosolic fraction were measured by the methods as described below. Dose-response (0, 100, 200, and 500 mmol DATS/kg body weight for 5 consecutive days) and time-course (500 mmol DATS/kg body weight, for 1, 3, 5, and 10 d) studies on the effect of DATS administration on the induction of liver GSTactivity were also performed.
Enzyme activity and TBARS assays in liver CYP2E1 activity was assayed using p-nitrophenol (Wako Pure Chemical Industries) as a substrate (13) . Total GST activity was assayed with 1-chloro-2,4-dinitrobenzene (Wako Pure Chemical Industries) (14) . NADPH:QR activity was assayed using 2,6-dichloro-indophenol (Wako Pure Chemical Industries) (15) . Lipid peroxidation was assessed as the malondialdehyde concentration measured by the TBARS method (16) .
Western blot analysis
The cytosolic or microsomal fraction of rat liver was subjected to SDS-PAGE followed by electrical transfer to a cellulose nitrate membrane (Advantec Toyo Kaisha) for immunoblot analysis. The membranes were incubated with rabbit anti-GST-A (1:1000; Oxford Biomedical Research), rabbit anti-GST-P (1:1000; Stressgen Bioreagents), goat anti-CYP 2B1 (1:1000; Daiichi Pure Chem. Co), rabbit anti-CYP 2E1 (1:1000; Chemicon International), or mouse anti-b-actin (1:2000; Sigma-Aldrich) antibodies at room temperature for 1 h. After incubation with horseradish peroxidase-conjugated secondary antibody (1:4000; Jackson ImmunoResearch Lab) for 30 min, the antigenic protein on the membrane was visualized by the chemiluminescence method using a Lumi-Light PLUS Western blotting kit (Roche Diagnostics) and the images were obtained by using the ChemiDoc Gel Documentation system (Bio-Rad).
Statistical analysis
Results were expressed as the mean 6 SEM. The variances were unequal among the groups; thus, statistical comparison was made with a nonparametric test, the Kruskal-Wallis 1-way ANOVA, using Dunn's post-hoc test ( Table 1) . One-way ANOVA and the post-hoc Dunnett's test were used to compare the means of the test groups to the vehicletreated group (Figs. 2A,B and 3C,D; Table 2 ). Statistical differences due to time and dose were tested by 1-way ANOVA and Tukey's post test (Fig. 2C,D) . Differences were considered significant at P , 0.05. Statistical analysis was performed by using the statistical package GraphPad prism software (GraphPad Software).
Results

Expt. 1
Body weight gains did not differ among groups (22 6 1 g). Plasma AST and ALT activities in the DATS-pretreated rats were lower than those in the vehicle-administered control rats (Table  1) . DPTS did not affect either enzyme activity.
Histological observation also supported the effectiveness of DATS in protecting the liver. The tissue damage observed in the CCl 4 -treated vehicle rat livers (vehicle + CCl 4 ), such as RBC leakage (Fig. 1, H&E) and steatosis (Fig. 1, H&E) or ballooning degeneration (Fig. 1, H&E) around the central veins or at the portal spaces, was ameliorated in the DATS-pretreated rats (DATS + CCl 4 ). In the PAS-stained liver sections from vehicletreated rats, the normal distribution of glycogen granules was observed in the hepatocytes ( Fig. 1; PAS) . The reduction in the number of glycogen granules in the hepatocytes of CCl 4 -treated control rats also was suppressed in the DATS-pretreated rats. However, DPTS did not have such protective effects (Fig. 1) . DATS also inhibited lipid peroxidation (TBARS). In the DATSpretreated rats, the hepatic TBARS concentration was lower than in the vehicle-treated rats (P , 0.01; Table 1 ), whereas DPTS did not have any effect. These results indicate that the hepatoprotective effects of trisulfides were quite different from one trisulfide 
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to another, depending on their side chain structure, i.e. dipropyl or diallyl groups.
Expt. 2
The activity of CYP2E1, a microsomal phase I enzyme in DATS-pretreated rats, was less than that in vehicle-treated rats (P , 0.05; Fig. 2A ). DPTS did not affect this activity. The expression level of CYP2E1 protein in DATS-administrated rats was also lower than that in the vehicle-treated rats (P , 0.05; Fig. 3B ), but the expression of CYP2B1/2, another microsomal phase I enzyme, in DATS-treated rats did not differ from that in the vehicle-treated rats (Fig. 3A) . Conversely, the activity of GST, a cytosolic phase II enzyme, was greater in DATS-treated rats than in those treated with vehicle ( Fig. 2B ; P , 0.05). DPTS did not affect GST activity. The GST-P protein level in DATSadministered rats was greater than that in the vehicle-treated rats, suggesting that the elevation of the activity was due to this form of GST (P , 0.05; Fig. 3D ). On the other hand, DATS did not affect the level of GST-A1 protein (Fig. 3C) . DPTS did not affect the protein level of either GST-P or GST-A1 (Fig. 3C,D) . Induction of GST activity by DATS was dose (Fig. 2C) and time (Fig. 2D) dependent. Taken together, these data indicate that DATS caused both downregulation of CYP2E1 and upregulation of GST.
Expt. 3
Finally, we examined which side chains in the trisulfide structures were responsible for the phase II enzyme-inducing activity (Table 2) . DATS elevated both GST and QR activities (P , 0.05). Allyl methyl trisulfide, having 1 allyl group, was also determined to be effective, giving greater induction of GST protein and QR protein levels than the nonallyl trisulfides (P , 0.05). Thus, the presence of the allyl group in the trisulfide structure is a decisive factor for inducing phase II enzymes.
Discussion
Our previous studies revealed that DATS is a protective agent against CCl 4 -induced acute liver injury (7, 8) . CCl 4 is known to activate phase I drug-metabolizing enzymes, resulting in the generation of trichloromethyl radicals causing acute liver injury. In this study, we compared the protective effect of DATS and DPTS against CCl 4 -induced acute liver injury and verified that the structure of the side chains of trisulfides was important for expressing the hepatoprotective effect.
We determined whether the modification of drug-metabolizing enzymes by DATS influences the free radical toxicity generated by CCl 4 . This protective effect of DATS was revealed by both biological and histological examinations (Table 1; Fig.  1 ). The dose of sulfide (500 mmol DATS/kg body weight) used presently was the same as that employed in another study (17) . The effect of DATS was also demonstrated by the histological examination of liver sections, i.e. the necrotic lesion that had spread throughout the hepatic tissues in the vehicle + CCl 4 rat liver was localized narrowly around the central vein of the DATS + CCl 4 rat liver and the localization of glycogen granules was also normalized by DATS. These protective effects of DATS on the CCl 4 toxicity were due to the modulation of the drugmetabolizing enzymes by DATS (Figs. 2 and 3) . We speculate that the production of the trichloromethyl radical is inhibited by DATS through the inhibition of CYP2E1 activity and that the resulting small amount of trichloromethyl radical formed is then conjugated by enhanced phase II enzymes.
The inhibition of the CYP system is effective for reducing the toxicity of a wide variety of toxic agents (18, 19) . Our present observation that DATS downregulated CYP2E1 and, as a result, suppressed oxidative stress (TBARS as shown in the Results), agrees with previous findings (20, 21) . Studies using CYP2E1 knockout mice have revealed that CYP2E1 is a major enzyme involved in the CCl 4 -or acetaminophen-induced hepatotoxicity in mice (22) (23) (24) . In our experiment, the level of CYP2E1 protein in the DATS-administered rats was lower than that in the vehicle-administered rats, whereas that of CYP2B1/2 protein did not differ from the level in the vehicle-administered rats (Fig.  3A) . The mechanism by which DATS suppresses the production of CYP2E1 protein is not yet clear. It has been reported that in CCl 4 -treated cells, the ubiquitin-proteasome pathway rapidly degrades CYP2E1 and that MG132, a proteasome inhibitor, inhibits the degradation of CYP2E1 occurring either physiologically or with CCl 4 stimulation (25) . These findings strongly suggest that CYP2E1 is regulated at its turnover step by a proteasome-dependent mechanism (25) . On the other hand, Morris et al. (26) demonstrated that diallyl monosulfide directly inhibits the CYP2E1 activity in vitro through modification of the thiol group located close to the active site of this enzyme. We previously reported that DATS directly binds to b-tubulin at specific thiol groups of this molecule and forms S-allylmercaptocysteines, leading to the malfunction of the tubulin in colon cancer cells (27, 28) . These facts raise the possibility that DATS might have multiple targets for CYP2E1 regulation. Further studies are required to elucidate the mechanism-based inhibition of CYP2E1 by DATS administration. Here, we observed a greater level of GST-P protein in rats pretreated with DATS than rats pretreated with vehicle ( Fig.   3C ). GST-P is one of the enzymes responsible for the conjugation of carcinogens, such as benzo[a]pyrene, an environmental pollutant, with its substrate GSH (29) . In addition, the GST-P isozyme is one of the most effective GST in the detoxification of electrophilic a,b-unsaturated carbonyl compounds generated by radical reactions, lipid peroxidation, ionizing radiation, or drug metabolism (30) . Two studies using transgenic rodents have shown that a deficiency in GST-P expression increases their susceptibility to chemical carcinogenesis induced in mouse skin (31) and rat liver (32) . Taken together, all data indicate that the induction of GST-P expression by DATS administration is responsible for the protection against diseases caused by oxidative stress.
To elucidate the role of the side chains of the trisulfides, we prepared 6 kinds of alkenyl and alkyl trisulfides and compared their effects on the phase II enzyme induction. We found that only the allyl group-possessing structures, namely DATS and allyl methyl trisulfide, had the potential to induce both GST and QR, although the increase in QR activity caused by the latter trisulfide was not significant (Table 2 ). Because none of the alkyl trisulfide compounds examined had any effect on these phase II enzymes, the allyl moiety in trisulfides appears to be critical for this induction. In good agreement with a previous report (17) , DPTS did not show any effect on GST induction. The reason why DPTS, a saturated analogue of DATS, does not show the activity needs to be clarified.
It has also been reported that isothiocyanate compounds have different potencies in inducing phase II enzymes. For example, allyl isothiocyanate (CH 2 = CHCH 2 N = C = S) induces GST and QR activities in rats, but its derivative, cheirolin (CH 3 SO 2 CH 2 CH 2 CH 2 N = C = S), does not show such an effect (33) . These data suggest that a subtle change in the structure of phase II-inducing agents strictly affects their potentials in vivo.
Taken together, our data suggest that the pretreatment of rats with DATS allows them to excrete toxic substances such as CCl 4 as a safety conjugated form generated by the phase II system without activation of the substance by the phase I system. The reason why such a favorable outcome for the animal is afforded by the trisulfide structure having allyl groups remains to be solved. Because DATS is a major compound in garlic oil and is easily obtained from freshly crushed garlic cloves, the intake of DATS or foods containing it may positively affect our life in this chemically polluted world. Furthermore, DATS may be useful as a lead compound for designing novel hepatoprotective drugs.
